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ABSTRACT
The development of organic electrode materials in rechargeable batteries has seen
a resurgence in recent decades. This spike in interest is mostly due to the increased
investments in renewable energy sources, grid-scale energy storage, and the rapid
transition to electric vehicles. Current lithium battery cathode materials typically use
some form of lithium metal oxide (specific capacity: 272 mAh g-1 which has problems
with limited capacity, thermal runaway, and an unreliable supply chain. Our research
group’s solution involves investigating new lightweight, organic redox groups combined
with a conductive polymer backbone to serve as a possible replacement for the cathode in
lithium-ion batteries. Our polymer materials would utilize the reversible redox couple
between the phenylhydroxylamine and nitroso functional groups. These materials have
theoretical capacities calculated at 459.6 and 433.5 mAh g-1. While our polymers
successfully underwent oxidative polymerization, the process is unrefined and reaction
conditions need to be optimized. To help remedy this poor polymerization we introduced
a potential pulse in hopes of inducing a morphology change in the polymer structure.
This project explores the field of lightweight, organic materials for battery cathodes
where it has the potential to dramatically increase the energy density of lithium-ion
batteries.

KEYWORDS: Lithium-ion batteries, electrochemistry, conducting polymers, nitro
groups, cyclic voltammetry
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CHAPTER 1
Background and Introduction

1.1: Current Lithium Battery Technology
The burning of fossil fuels is leading to dramatic climate change around the globe
and is one of the significant challenges we face today as a society. Considering the
world’s fascination with electricity, a more sustainable power generation, and storage
method is becoming increasingly attractive to combat rising CO2 emissions. Grid-scale
energy storage alongside intermittent renewable energy sources such as wind and solar
has the potential to replace coal and natural gas energy production. This dramatic switch
to renewables is causing governments and the private sector to investigate lithium-ion
batteries as one of the primary methods to fulfill this demand.1-4 Lithium-ion batteries are
a staple of our modern society and are synonymous with nearly all consumer electronics.
In recent decades, the desire for lithium batteries has skyrocketed due to the heightened
interest in electric vehicles (EVs). However, the development of new battery technologies
is a slow process. Currently, a bottleneck has formed where battery improvements have
fallen behind the demand for high energy capacity and long-lasting lithium-ion batteries.3,
5, 6

At its most basic level, a lithium-ion battery consists of three components, the

negative electrode (anode), the positive electrode (cathode), and an electrolyte solution
with a separator between the two electrodes. When connected to an external circuit, the
battery begins to discharge by allowing lithium ions in the anode to flow through the
electrolyte into the cathode while having the electrons continue through the circuit.
Lithium ions travel through the electrolyte to the negatively charged anode from the
cathode during the reverse process, charging the battery.7
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Figure 1: Lithium Battery Schematic

Current lithium battery technology is based on insertion-type cathodes and anodes
and organic liquid electrolytes dissolved in organic solvents. Carbonaceous materials,
mostly graphite sheets, dominate anodic materials, which allow for the insertion of one
Li+ ion for every six carbon atoms.8 While this gives a reliable anode; the theoretical
capacity is inherently low at only 372 mAh g-1. The most recent research towards
improving the anode involves tin, silicon, and metal alloys. While these materials
improve specific capacity, they tend to have low cyclability and lower efficiencies.9
The separator in a lithium battery functions as the barrier preventing physical
contact between electrodes while also serving as the electrolyte reservoir, enabling ionic
transport throughout the cell.10 Even with current separator materials, typically
polyethylene (PE) and polypropylene (PP), the safety of lithium-ion batteries seems to
always be under question. Battery fires have occurred in consumer products such as cell
phones, electric vehicles, and even airplanes in recent years. So the need for an even
more effective way of mitigating risks through separator design is as critical as ever.11
The electrolyte solution of a lithium-ion battery is the medium for ion transport
between the anode and cathode. In most lithium battery cells; the electrolytes of choice
2

are non-aqueous electrolyte solutions consisting of a lithium salt solubilized in an organic
solvent or solvent mixture. This salt solution is predominantly lithium
hexafluorophosphate (LiPF6) dissolved in carbonate solvents such as propylene carbonate
(PC), ethylene carbonate (EC), and dimethyl carbonate (DMC). While this electrolyte
solution is very stable, the desire for greater energy density requires new organic solvents
and lithium salts to withstand greater and greater voltages.12 The cathode is the interior
section of the lithium-ion battery that has been the focus of interest for researchers
because it is essentially the bottleneck when designing a lithium-based battery when
considering overall capacity.12

1.2: Cathodic Materials
Think of cathodic materials as a ‘sink’ for lithium ions. They have the primary job
of holding onto the ions when the battery is in a discharged state and releasing them to
the electrolyte when charging begins. Several critical parameters are commonly
optimized to enhance cathode performance. Some include a reaction with lithium with a
high free energy reaction, reversible reaction with lithium, electronic conductivity,
stability over many charge/discharge cycles, preferable the cathode is low cost and
environmentally benign.13 The current approach to lithium battery cathodes is through
insertion/intercalation technology. However, this type of material has a variety of
downsides associated with it. Including a low energy density (160-170 mAh g-1 for
conventional LiCoO2 cathodes), a rapidly approaching theoretical limit, struggles with
thermal runaway due to overcharging, and higher cost due to the materials used in its
manufacturing. New approaches to the lithium battery cathode have been explored
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extensively in the last decade. Experts believe that in the near term, improving and
optimizing the current insertion-type batteries will be the best option for battery
technology14. However, the field of conversion style organic-based cathodes and organic
polymers seem like the most promising alternative to the conventional inorganic cathodic
materials in the future, and there is a collection of researchers looking into this problem
in hopes of discovering the next generation of high-energy-density batteries.14

Figure 2: Evolution of gravimetric energy densities for various battery
compositions15

1.2.1: Intercalation Type Cathodic Materials
Lithium-ion batteries typically deploy some inorganic solid to serve as the
cathode, where they can proceed through a unique reaction called intercalation. These
solids use a layered or tunneled crystal structure which acts as the host for lithium ions
that diffuse into it. This host solid undergoes reduction by adding electrons required for
electroneutrality while insertion occurs. Although the crystal structure has many ions
entering and leaving the system, changes due to different electrostatic forces only cause
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minor structural changes.16 However, these materials have intrinsic limitations, mostly
stemming from their redox mechanisms. While the reversible process of intercalation of
lithium ions does not induce adverse structural changes, the materials’ ability to
withstand these changes and the number of exchanged electrons the transition metal can
handle are limited.17 The current transition-metal-based cathodes work by essentially
pumping Li+ ions between the two electrodes. When the battery is being charging, the
lithium ions “sitting” in the void spaces of the cathode structure begin to flow through the
ionically conductive electrolyte to the anode. They are again intercalated into the graphite
structure and held there through different intermolecular forces. When the opposite
process occurs, discharging, the Li+ ions are attracted to the inorganic cathode, where
they are then intercalated into the structure, ready to flow to the anode upon recharging.18

Figure 3: Working mechanism of Li-ion batteries18
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Figure 4: Crystal Structures of Intercalation cathodes (a) layered (LiCoO2), (b)
spinel (LiMn2O4), (c) olivine (LiFePO4), and (d) tavorite (LiFeSO4F)19
1.2.2: Conversion style cathodic materials
In hopes of replacing the current intercalation/insertion type electrodes, new
technology, commonly referred to as conversion-style electrode materials, are being
developed. Conversion-style electrodes show great promise because of their high
theoretical capacity, relatively low molecular weight, and lower cost of production.
Conversion-style electrodes react during lithiation and form entirely new species, which
often dramatically alter the structure and chemistry.16 These batteries store charge
through lithiation (reduction), and upon the reverse reaction, they lose their lithium ions
(oxidation) and discharge their energy. Although these types of electrodes show promise,
they present various challenges. They can range from poor electronic conductivity,
structural instability during multi-electron charge transfer and solvation within electrolyte
solution.20, 21 These issues can be mitigated by deploying of a polymeric structure linked
to the redox-active substituents of the conversion-style battery. Using this strategy, the
6

electrode greatly increases stability, and therefore lowers the susceptibility for the
electrode to solvate relative to its monomeric units. Additionally, if the polymer had a
conjugated structure, this sizeable π-electron system should increase its electrical
conductivity.22
Quinone chemistry has witnessed a lot of attention lately due to its potential in
conversion-style lithium battery cathodes. These small carbonyl-based organic molecules
can be fine-tuned with the addition of different functional groups to optimize their
performance. However, like many other small organic compounds, the inherent problem
of dissolution in the organic electrolyte solutions is common in lithium-ion batteries.22
From one journal article in the literature, a benzoquinone derivative was able to
reversibly bind with four Li+ ions upon reduction of four electrons and further reduced by
two electrons with the addition of two additional Li+ ions.

Figure 5: Proposed reduction mechanism upon insertion of Li+ into quinone derivative 23

As stated previously, the molecule on its own had problems related to cyclability and
stability due to its dissolution in the organic solvents.22 This is a common problem with
low molecular weight organics. While this makes the implementation of some
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compounds more complicated, there are remedies to this solvation problem plaguing this
type of electrode material.

1.3: Redox-Active Functional Groups
When selecting the best functional group for the electrochemically active portion
of our potential cathode, a few things need to be considered to maximize the theoretical
capacity of our battery. This is accomplished by maximizing the electrons stored through
a reduction mechanism while having the lowest possible molecular weight. With these
factors in mind, the nitro group was selected. Research of nitro groups is not a new area,
and the redox pathways that nitro groups follow have been extensively studied.
Electrochemical studies of nitro-group containing aromatics show that they readily follow
a 4e-/4H+ reduction pathway to form the phenylhydroxylamine functional group.24
Although this reaction gives an impressive calculated theoretical capacity, it is not a
reversible process due to a dehydration reaction taking place. So, its application in
secondary batteries is relatively poor. However, this still gives us the options for
implementation in primary batteries.

Figure 5: Reduction Pathway of Nitro Group Functionalized Arenes24
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The hydroxylamine functional group still has potential for use in secondary
batteries. There remains a redox relationship between the hydroxylamine and the nitroso
functional groups. This coupling can be observed when the nitro group is reduced at a
further negative potential, allowing for a reversible oxidation wave when a positive
potential is applied.25 This reversible process proceeds through a 2e-/2H+ redox couple26,
27

(Figure 6). When starting with nitrobenzene and running initial reduction, the

phenylhydroxylamine product is formed, and applying a positive potential to oxidize this
hydroxylamine functional group forms the nitro group, which can be reversibly
reduced/oxidized.26, 28

Figure 6: Reduction of Nitro Groups29

This process has been researched extensively in aqueous environments, and so the
transition to an aprotic, lithiated environment would replace the protons typically used in
these redox reactions.30 The use of nitroaromatics could be compared to why quinone
derivatives are being explored so heavily. If the reduction pathway reported in much of
the literature holds, especially with the introduction of lithium ions, the nitro groups will
allow for an energy-dense functional group. Even when considering the reversible redox
couple between the phenylhydroxylamine and the nitroso groups, each nitro group would
9

grant us two Li+ ions able to flow throughout the cell. This property is the primary reason
for choosing the nitro functional group to implement into our cathode design.
I have mentioned this throughout the thesis, but a major problem hindering the
successful implementation of organic cathodic material is the dissolution in organic
solvents. Solvation effectively eliminates the redox chemistry that could occur if it were
immobilized onto a substrate, lowering the energy density dramatically. This
immobilization technique has led numerous research groups to develop organic polymers
functionalized with redox-active groups to help alleviate the problem of dissolution with
the added benefit of increased electrical conductivity.22

1.4: Polymeric Cathode Materials
Conductive polymers could be a probable candidate for the next generation of
batteries due to their environmental friendliness and efficiency. Their interesting
properties arise from the overlap of adjacent π-orbitals, resulting in a band structure
analogous to inorganic semiconductors.31 This extensive orbital network allows for
conductivity throughout the polymer chain. Heterocyclic, conjugated, aromatic polymers
have attracted a lot of attention in electronic and electro-optical devices because of their
unique properties and their ability to undergo electrochemical polymerization.32, 33 A few
examples of these conducting polymer materials include polyaniline, polypyrrole, and
most notably polythiophene.
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Figure 7: Structures of different conducting polymers34

Polythiophene derivatized conducting polymers (CPs) show great promise for the
conductive backbone of organic, cathodic materials due to their relatively large
conductivity (2-150 S cm-1)35, which is associated with the lone electron pairs on the
sulfur atom. These lone pair electrons act as electron donors giving rise to large 𝜋conjugated systems.33 A major advantage of these materials is their ability to be
electrodeposited on the surface of an electrode/current collector by a straightforward and
convenient method such as cyclic voltammetry. The reaction mechanism for this
electrodeposition process follows a radical oxidative polymerization pathway that utilizes
the monomer's ability to be coupled upon oxidation.33 Using this method in a battery cell
would eliminate the need for adhesives and conductive compounds, such as carbon black
or polyvinylidene fluoride (PVDF), that do not participate in any electrochemical
reactions.32 This would, in turn, increase the energy density by reducing the weight of the
battery.
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Figure 8: Radical Oxidative Polymerization36

In brief, we have identified the functional groups necessary for an improved organic
cathode using a conversion-style design. We now require a straightforward synthetic
procedure for combining a nitroaromatic foundation and a conducting polymer
component. This search will lead us to a staple of organic synthesis, the nucleophilic
aromatic substitution (SNAr) reaction.

1.5: Aromatic Nucleophilic Substitution reaction w/ Sanger's Reagent
The platform we decided to synthesis these materials was is based on Nobel Prize
work by Frederick Sanger in the early 1950s used to sequence amino acids involving 2,4dinitrofluorobenzene (Sanger’s Reagent/ DNFB) and the N-terminus of
proteins/peptides.37 This reaction follows a nucleophilic aromatic substitution pathway
with DNFB and a primary amine as reactants with the addition of a base. The base then
deprotonates the amine, which will act as the nucleophile and substitutes the fluorine
through a Meisenheimer complex transition state.38 This type of reaction is a very
efficient, one-step reaction that allows us to functionalize our electronically active
monomers simply and efficiently without elaborate reaction setups and expensive organic
solvents.
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Figure 9: SNAr reaction mechanism of DNFB and N-terminal amino acid38

Utilizing the two nitro groups already found on Sanger’s reagent gives us a platform with
a combined 4e-/4H+ reversible redox reaction. In addition to the polymerizable thiophene
groups, these cathodic material candidates have the potential for large theoretical
capacities. Theoretical capacities are calculated using the molecular weight of the
molecules (Mw), the number of redox-active electrons per molecule (n), and Faraday's
Constant (F = 96,485.3329 𝑠𝐴 𝑚𝑜𝑙 −1) using the following equation.

𝑄𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =

𝑛𝐹
𝑚𝐴ℎ 𝑔−1
3.6 ∗ 𝑀𝑤

Equation 1: Calculating Theoretical Capacity
Combining all of the factors, including redox-active nitro groups, heterocyclic aromatic
polymerizable moieties, and simple reaction conditions, we have developed a set of four
molecules that show potential for organic cathodic materials in lithium-ion batteries.

Figure 10: Potential Organic Cathodic Material Diagram
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Figure 11: Monomer Candidates

Monomer 1

Monomer 2 Model Compound Schiff Base
(3)
(4)

Molecular Weight
(g mole-1)

265.26

279.29

325.61

291.31

Theoretical Capacity
(mAh g-1)

459.6

433.52

365.50

460.02

Table 1: Molecular Weight and Theoretical Capacity of Compounds
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CHAPTER 2
Synthesis and Characterization39

2.1: Monomer Synthetic Procedures
Synthesis of Monomer 1
2,4-dinitrofluorobenzene (1 g, 5.37 mmol) and potassium carbonate (600 mg, 4.34
mmol) were added to a 100 mL round bottom flask and dissolved in 40 mL of EtOH. 3aminothiophene hydrochloride (730 mg, 5.38 mmol) was dissolved in a separate vial
using 14 mL of EtOH. The thiophene solution was added dropwise over 45 minutes to
prevent oxidation of the freebase amine produced upon introduction with the carbonate
species. The solution was allowed to sit for 3 hours to bring the reaction to completion. A
scarlet red precipitate begins to form soon after adding the aminothiophene and
accumulates over the next 3 hours. The solid precipitate was collected by vacuum
filtration and washed using cold methanol. The elemental analysis for monomer 1,
resulted in: C, 43.39%; H, 2.37%; N, 14.32%. M.P: 143-145 ℃ Yield = 59%

Scheme 1: Synthesis of 1
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Synthesis of Monomer 2
2,4-dinitrofluorobenzene (500 mg, 2.69 mmol) and thiophen-3-ylmethanamine
(0.27 mL, 2.69 mmol) were added to a 50 mL round bottom flask and dissolved in 15 mL
of EtOH. As a note, potassium carbonate is not required in this synthesis because the
amine already exists as a freebase. The reaction mixture was allowed to sit for 3 hours,
but immediately yielded a yellow precipitate. The solid product can be purified by
recrystallization using dichloroethane as a solvent. Elemental analysis for monomer 2
found: C, 46.98%; H, 3.06%; N, 15.31%. M.P: 159-162 ℃ Yield = 81%

Scheme 2: Synthesis of 2
Synthesis of Model Compound
2,4-dinitroflurobenzene (100 mg, 0.54 mmol) and p-tert-butylaniline (80.19 mg,
0.54 mmol) were dissolved using 5 mL of ethanol in a 25 mL round bottom flask. The
reaction was allowed to sit for 3 hours but, an orange precipitate formed immediately
upon dissolution. The solid product can be purified using recrystallization using
isopropanol as a solvent. Elemental analysis for our model compound, found: C, 61.07%;
H, 5.41%; N, 13.09%. M.P: 186-189 ℃ Yield = 81%
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Scheme 3: Synthesis of 3

Synthesis of Schiff Base
2,4-dinitrobenzaldehyde (100 mg) and thiophen-3-ylmethanamine (0.050 mL)
were added into a small vial and dissolved in ~4 mL of anhydrous ethanol. In the same
vial, add 1 or 2 drops of glacial acetic acid. A stir bar was cleaned using ethyl acetate and
dropped into the vial. Lastly, add roughly a dozen fresh molecular sieves into the vial.
Stir the reaction at room temperature for 4 hours, and the compound precipitates as a tancolored powder. The crude product was washed with some more anhydrous ethanol under
vacuum filtration.40 M.P: 85-87 ℃ Yield = 40%

Scheme 4: Synthesis of 4
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2.2. Monomer Characterization

(1)

(2)

(3)

Figure 12: Crystal Structures of Monomers 1,2 and 3

The molecules synthesized in this research were characterized using NMR Spectroscopy,
Elemental Analysis, and X-ray Crystallography. For additional information and complete
spectra, refer to reference 39.
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CHAPTER 3
Computational Results

We set out to accomplish a few goals with our computational chemistry portion of
this project. First, we wanted to evaluate the thermodynamic information given from the
reaction pathways. Given the free energy change, ΔG, we could determine if our
synthetic reactions would be energetically favorable and compare this calculated
spontaneity to our qualitative observations from our synthesis reactions. Secondly, we
hoped to do rudimentary quantum calculations, including electrostatic potential (ESP)
maps, Highest Occupied Molecular Orbital (HOMO) energies, Lowest Unoccupied
Molecular Orbital (LUMO) energies, as well as model the frontier molecular orbitals
(MOs) to help understand and draw comparisons of potential redox chemistries for our
molecules.

3.1: Computational Methods
For this project, we employed computational modeling and frequency calculations
to help us visualize and quantify different aspects of the reactions and the properties of
our compounds. Through electrostatic potential maps, free energy changes, and HOMOLUMO energies, we could better understand how our molecules might behave, whether
they be in synthetic or electrochemical reactions. The software we used to accomplish the
modeling was Gabedit. This free graphical user interface allowed us to construct 3-D
structures of our starting materials and final products to generate input command files.
The input files were built on cartesian coordinates using DFT as our method and
B3LPY:6-311G(d,p) for our basis set during all calculations. Both gas-phase and an
SCRF solvation model of ethanol were used throughout the calculations to represent ideal
19

circumstances and a more accurate representation of the experimental conditions. These
input files were then submitted to the Lawrence Supercomputer at the University of
South Dakota, running Gaussian16, one of the more popular computational software
packages. After Gaussian completed the optimization and frequency calculations, the
results were analyzed using GaussView 6.0 because this program offered better
visualization of orbitals and ESP maps than other software programs.

3.2: Computational Modeling and Calculations
3.2.1: Thermodynamics of Monomer Formation Reactions
Our computational section starts by calculating thermodynamic information of the
formation reactions for all of our monomer candidates. This was accomplished by
optimizing the geometries of all the chemical species involved in the synthetic reactions
and running frequency calculations on all species to determine each molecule’s total
electronic and thermal free energies. Using the calculated total free energies of each
molecule, we could calculate the change in the free energy over the entire reaction,
ΔGtotal, using equation 2. To increase the accuracy of our calculations, the
thermodynamic section used a solvation model of ethanol to simulate a more real-world
scenario.
∆𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − ∑ 𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
Equation 2: Change in free energy
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Monomer 1:
S
F
NO 2

HN

S

+

NO 2

+

H2N

NO 2

HF

NO 2
∆𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝟏(−783,544.4132

𝑘𝑐𝑎𝑙
𝑚𝑜𝑙𝑒

) + 𝑯𝑭 (−63,052.668

𝑘𝑐𝑎𝑙
𝑚𝑜𝑙𝑒

) − ∑ 𝐷𝑁𝐹𝐵 (−464,738.5687

𝑘𝑐𝑎𝑙
𝑚𝑜𝑙𝑒

) + 𝐴𝑇ℎ(−381,756.4943

𝑘𝑐𝑎𝑙
𝑚𝑜𝑙𝑒

∆𝐺𝑡𝑜𝑡𝑎𝑙 = −𝟒. 𝟎𝟏𝟖 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙𝑒 −1

Monomer 2
S
F
S
NO 2
HN

+
NO 2

NO 2

+

HF

NH2

NO 2
∆𝐺𝑡𝑜𝑡𝑎𝑙

𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
= ∑ 𝟐 (−808,106.0171
) + 𝐻𝐹 (−63,052.668
) − ∑ 𝐷𝑁𝐹𝐵 (−464738.5687
) + 𝑀𝑒𝐴𝑇ℎ (−406,417.3514
)
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒

∆𝐺𝑡𝑜𝑡𝑎𝑙 = −𝟐. 𝟕𝟔𝟓 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙𝑒 −1
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)

Model Compound
H3C
CH3

F
NO 2

H3C

CH3
CH3

CH3
HN

+

NO 2

+

HF

NO 2
NH2
NO 2
∆𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑀𝐶 (−680,793.8028

𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
) + 𝐻𝐹 (−63,052.668
) − ∑ 𝐷𝑁𝐹𝐵 (−464,738.5687
) + 𝑡𝑏𝐴𝑛(−279,106.3167
)
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒

∆𝐺𝑡𝑜𝑡𝑎𝑙 = −𝟏. 𝟓𝟖𝟓 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙𝑒 −1

Schiff Base
S
O

H
NO 2

N

S

+
NO 2

NO 2

+

H2O

NH2
NO 2

∆𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑆𝐵 (−832,029.0329

𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
𝑘𝑐𝑎𝑙
) + 𝐻2 𝑂 (−47,973.5632
) − ∑ 𝐷𝑁𝐵 (−473577.2516
) + 𝑀𝑒𝐴𝑇ℎ(−406427.4761
)
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒
𝑚𝑜𝑙𝑒

∆𝐺𝑡𝑜𝑡𝑎𝑙 = 𝟐. 𝟏𝟑𝟐 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙𝑒 −1

The computational study gave us vast insight into the behavior of our compounds,
whether it be during synthesis or our electrochemistry experiments. Using our calculated
free energy change of the reaction, 𝛥𝐺𝑡𝑜𝑡𝑎𝑙, we were able to compare the calculated
spontaneity of the synthetic reactions to our observations. What we found is that our
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calculations were producing negative free energies, which is indicative of a spontaneous
reaction, aligned with our observations for the reactions with monomers 1, 2, and
compound 3 which had calculated free energies of -4.018, -2.765, and -1.585 kcal/mol
respectively. We calculated free energy of 2.132 kcal/mol for our imine compound (4),
which predicted a non-spontaneous reaction. And this aligns with observations. Our
Schiff base reaction took many hours of stirring and pushing the reaction to completion
using molecular sieves, whereas the other reactions formed precipitates almost
immediately.

3.2.2: Electrostatic Potential Maps

(1) ESP Map

(2) ESP Map

(3) ESP Map

(4) ESP Map

Figure 13: Electrostatic Potential Maps of Monomers

Our study also uses ESP maps to explore the electrostatic potentials found around
the molecules’ electron cloud perimeter. The red regions correspond to negative
potentials, and the blue regions signify positive potentials.41 Using this convention, they
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can be a powerful tool that can help determine the electronic properties of small
molecules and their analogs.42 To construct figure 13, we used the geometry optimization
file from each monomer and GaussView to create an electrostatic potential surface. For
our compounds, we see that the greatest extent of electron density is located on the nitro
groups and the sulfur atom of the thiophene group. This result agrees with the known
properties of these groups because of the nitro group’s strong electron-withdrawing
ability and sulfur’s greater electronegativity relative to its neighboring carbon and
hydrogen atoms. These same effects also suggest they help push the reaction for all of our
compounds because they make the ipso-carbon of 2,4-dinitrofluorobenzene more
electron-deficient and activate it for the aminothiophene nucleophilic attack.38 This could
also be related to why our SNAr reactions present a negative change in free energy and
tend to react spontaneously.
3.2.3: Frontier Orbital Models

(1) HOMO

(1) LUMO
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(2) HOMO

(2) LUMO

(3) HOMO

(3) LUMO

(4) HOMO

(4) LUMO

Figure 14: Frontier Orbital Models for Monomer Candidates

Another aspect of our computational study was the usage of molecular orbitals
(MOs), more specifically, the HOMO and LUMO frontier molecular orbitals. In these
models, we see that Monomer 1 has a large degree of delocalized electrons that can move
throughout the entire molecule. This delocalization was expected because all the carbons
being sp2 hybridized, and so they have conjugated π-orbitals throughout both the
heterocyclic thiophene and the substituted benzene ring. Monomer 2, however, is
expected to have less delocalization of electrons throughout the molecule because of the
sp3 carbon spacer. As a note, even though full conjugation is broken, there remains a
significant degree of delocalization still intact that can cross over the carbon spacer into
the thiophene ring. When comparing the HOMO-LUMO models for all the monomer
candidates, we observe that an excited electron concentrates in the nitro groups. This
observation arises from the larger, more overlapped MOs that appear in the LUMO of all
the compounds. This uptake of electrons aligns with what we expect during
electrochemical reduction. The electron would reduce the nitro group, which agrees with
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the known mechanism of this reduction.43 An interesting observation with the HOMO is
that the electrons seem to be evenly spread between the two aromatic nitro groups present
in compounds 1,2 and 3. However, the electrons seem to be concentrated on the nitro
group in the ortho position relative to the amine group when looking at the LUMO. I
believe this signifies that the ortho-nitro group undergoes reduction first and is followed
by the para-nitro group at a further negative potential.

3.2.4: HOMO-LUMO Gap Energies
In the previous section, the frontier orbitals were discussed and based on their
changes in shapes, predictions can be made regarding sites where reduction and oxidation
can occur. In this section, the HOMO-LUMO energy gap, which is the energy difference
between the HOMO and LUMO, for each monomer was calculated following equation 3.
To determine the HOMO and LUMO energies, we used the geometry optimization files
from Gaussian to calculate the frontier orbital energies (SI 8) of each monomer candidate.

Compound HOMO-LUMO Gap (gas) (eV)

HOMO-LUMO Gap (EtOH) (eV)

1

3.524

3.418

2

4.084

3.711

3

3.552

3.346

4

3.032

3.275

Table 2: HOMO-LUMO gap energies in both gas phase and using an ethanol solvation
model
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𝐸𝑔𝑎𝑝 = 𝐸𝐿𝑈𝑀𝑂 − 𝐸𝐻𝑂𝑀𝑂
Equation 3: HOMO-LUMO energy gap

The relationship between π-conjugation and the HOMO-LUMO gap has been studied
extensively. This energy separation has been used as a simple indicator for kinetic
stability numerous times. Typically adding electrons to a high-lying LUMO is more
difficult than oxidizing and removing electrons from a low-lying HOMO.44 Another
convention is that the greater extent of π-conjugation a molecule has, the lower the
energy required to excite an electron from the HOMO to the LUMO. We see this trend in
our calculation when comparing monomers 1 and 2. Monomer 1 has a fully conjugated
structure. Thus, has a lower HOMO-LUMO gap (3.418 eV) relative to monomer 2 (3.711
eV), which ‘breaks’ its conjugation due to the methylene spacer between the benzene ring
and the thiophene group. Although their a relatively easy comparison to be made between
monomers 1 and 2, when comparing these structures to monomer 3, we are making a few
assumptions. Typically, the more massive the organic molecule, the lower the HOMOLUMO gap, at least for many hydrocarbons.45 Being that compound 3 has a molecular
weight of 325.61 g mole-1, and monomers 1 and 2 have molecular weights of 265.26 and
279.29 g mole-1 ,respectively. The HOMO-LUMO gap could potentially be explained due
to this difference, even when considering the increased electron-donating characteristics
given off from the tert-butyl group on molecule 3.
From a more qualitative standpoint, the calculated values for frontier orbital
energy gaps agree with what we would expect in theory with conjugated structures and
their different colors of absorbed light. As stated previously in the synthetic section,
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compound 1 was a red scarlet color, and so we would expect that compound to absorb
green wavelengths of light. Additionally, compound 2 was a bright yellow powder, and
again its complementary color we would expect this molecule to absorb would be
wavelengths of light that appear violet. Violet light has a shorter wavelength than green
light and thus has more energy. From our calculated values for HOMO-LUMO energy
gaps, and we also calculated that compound 2 would require more energy to excite an
electron to the LUMO relative to 1. This relationship gives the study validation that the
computational method is moderately accurate because it agreed with our experimental
observations. It should be noted that compound 3 had a calculated value lower than
compound 1 and yet from the colors observed from the 3 it should have a HOMO-LUMO
energy gap greater than 1 because the wavelength of light compound 3 absorbs is blue
colored which is of greater energy than green colored light. This shows that while we can
draw some conclusions from our calculated energy gaps, they do not agree with theory
completely.

Figure 15: Compounds 1 (left), 3 (middle), and 2 (right)
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CHAPTER 4
Electrochemistry Results
The purpose of our electrochemistry experiments is to evaluate the properties of
our materials during redox conditions. These experiments include determining the
electrochemical reversibility and the potentials at which reduction and oxidation occur,
most notably the nitro groups. Another major facet of our electrochemistry is to look at
the electrochemical polymerization processes that our materials should theoretically
undergo. The polymerization behavior is well reported in the literature, and we hope to
recreate similar results found by many other groups, and if our materials deviate from
normal activity, this should directly correlate to the redox chemistry we observe.

4.1: Electrochemical setup
Electrochemistry is a powerful tool to probe reactions involving electron
transfers46. The most prominent method used in determining the electrochemical
properties of compounds is cyclic voltammetry (CV). This technique is commonly
employed to investigate molecular species’ reduction and oxidation process. When
reading cyclic voltammetry figures, typically, you will have the x-axis representing
applied potential (E), while the y-axis is the resulting current (i) passed.46 All of our
cyclic voltammetry experiments were conducted using a three-electrode cell in a glass
vial (figure 9). The working electrode used was a 3mm diameter glassy carbon electrode.
For our reference electrode, we elected for a quasi-Ag/AgCl electrode to avoid
introducing water into the system unnecessarily. Although not a perfect solution, the wire
will maintain a quasi “constant” potential during our experiments. Lastly, our counter
electrode consisted of a pure platinum wire (< 99%), which completed our electrical
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circuit and was coiled to increase surface area. All experiments were conducted in an
MBraun Labstar 1200 Argon glove box equipped with an Autolab PGSTAT302N
potentiostat running Nova 2.0 software.

Figure 16: Schematic representation of a three-electrode cell for CV experiments46
4.2: Electrochemistry Study
4.2.1: Cyclic Voltammetry Study- Reduction

Figure 17: CV of TNT reduction on the Pt electrode in a solution of 0.5 M NaCl
with acetonitrile containing 220 lM L-1 TNT as a function of the anodic potential
limits at a potential scan rate of: 20 mV s-1 47
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Figure 18: Reduction CV of Monomer 1 (both waves) @ 100mV/s in DFB/TBAPF6
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Figure 19: Reduction of Monomer 2 (both waves) @ 100mV/s in DFB/TBAPF6
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Figure 20: Reduction of Schiff Base (4) (both waves) @ 100 mV/s in DFB/TBAPF6

Monomer Electrochemistry Discussion:
The electrochemistry of nitro groups has been studied extensively in the literature,
and their reduction behavior has been described accurately. An example of the observed
behavior is shown in figure 14. On the negative potential side of the voltammogram, the
reduction of TNT shows three distinct peaks denoted P1, P2, and P3, which correspond to
the reduction of the three nitro groups associated with the molecule.47 This behavior
correlates to our observed reduction of nitro groups, as shown in figures 18-20. However,
in the paper cited earlier, the observed reduction peaks were irreversible. We conducted
cyclic voltammetry on them with our own synthesized molecules to look at their
electrochemical properties. For monomer 1, upon reduction, we observe two distinct
reduction waves around -0.9 and -1.5 V, related to our nitro groups’ reduction. These
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waves appear to be partially reversible and show a small oxidation current. Monomer 2
shows similar characteristics, and it too gives two distinct reduction waves around -1 and
-1.5 V. This helps us confirm that these peaks are related to the reduction of the nitro
groups. The subsequent oxidation of monomer 2 is different because both peaks do not
appear to be reversible, and it showed a broader and less defined oxidation peak. In
figures (single wave), we observe very similar characteristics for each monomer when
looking at the first reduction wave. They all appear to occur around -1V and seem
electrochemically reversible. This is interesting because they lose this reversibility
property when scanned to a further negative potential to show their second reduction
wave. The next part will explore the oxidation region of these materials and probe the
oxidative polymerization process for the thiophene moieties.

4.2.2: Monomer Polymerization Cyclic Voltammetry

Figure 21: Polymerization of Monomer 1 @ 100 mV/s in DFB/TBAPF6
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Figure 22: Polymerization experiment Monomer 2 @100mV/s in DFB/TBAPF6

Figure 23: Schiff Base (3) polymerization experiment @ 100mV/s in DFB/TBAPF6

Competing Effects Discussion:
Interesting observations were made when comparing the oxidation potential of 1
and 2 with our calculated HOMO-LUMO energy gaps. Two effects seem to occur where
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one is more dominant over the other. On the one hand, we expect 1 to be easier to oxidize
because of the full conjugation in the molecule. Because of this larger conjugation,
removing an electron would be favorable because of the stability conjugation brings to
molecule 1. On the other hand, because of the conjugation in molecule 1, the nitro groups
should influence the electron density on the thiophene ring and make it harder to oxidize
by pulling electron density. Comparing these two effects, we find that the delocalization
of electrons influencing the system’s stability is more dominant than the electronwithdrawing effects that would come from the nitro groups. These competing effects are
an interesting idea, and our electrochemistry results show that 1 has a lower oxidation
potential than 2. This lower oxidation potential is evidence of the dominating effects the
stability through conjugation molecule 1 has.

Pre-Pulse Polymerization Discussion:
In this part of our electrochemistry study, we focused on our compounds’ ability
to undergo electrochemical polymerization. We continued to use cyclic voltammetry to
accomplish this, except we would scan in both the negative (reduction) and positive
(oxidation) directions and conduct multiple scans rather than a single cycle. By doing
this, we would be able to observe how our molecules would behave with repeated
oxidation and reduction processes. What we expect to see is that when the potential is
high enough, we should oxidize a large number of thiophene units, coupling occurs, and
the polymer becomes insoluble in the solvent and the deposits on our flat electrode
surface. When we continue cycling, we expect to increase the current for our oxidation
peaks as more and more polymer is formed on the electrode surface. As this process

35

continues, there should come the point where the deposition will slow down as the
formation of polymer will become dominated by mass transport, and it becomes harder
and harder for the electrolyte ions to move between the electrode and solution.33
However, when we do multiple cyclic voltammetry scans on our compounds, we do not
observe this normal behavior. For all three monomer structures, we witness an initial
spike in current in the oxidation side of the cyclic voltammogram at around ~1.6V to 2 V.
This indicates our thiophene group being oxidized and forming polymer on the electrode
surface. Despite that, as we continue multiple scans, we observe drops in current in the
oxidation wave with each repetitive scan until the oxidation wave is comparable to our
background scan. Because of this behavior, our materials seem to behave more like an
insulator/blocking layer (refer to SI 5 and 6) after a certain thickness of polymer rather
than a conductor, which is very interesting, and this property could be useful in a variety
of applications other than battery technology.48 Our initial thought about why this was
happening was due to a tight, uniform polymer packing on the electrode, which prevented
electron transfers. This hypothesis will need to be confirmed using SEM to check for
morphology. However, in the next section, we tried introducing a potential pulse before
the polymerization process to help create a more heterogeneous polymer layer.

4.2.3: Monomer Pulse Polymerization
The inspiration for applying a potential pulse before electrochemical
polymerization came from the behavior of crystals forming around a nucleation site seen
throughout organic chemistry. What we believed was happening in our normal
polymerization scans was that our polymers were forming a very uniform and smooth
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surface on the electrode, preventing further polymer deposition. Our hypothesis when
introducing a pulse is that the nucleation site will assist in the formation of a more
heterogeneous electrode surface, and this non-uniformity will, in turn, help promote
further polymer growth. Figure 22 shows the potential waveform for our pulse
experiments. In this set of experiments, we jump right into a positive potential, which
coincides with the potential for the thiophene components to undergo polymerization for
each monomer. We then hold this potential for a relatively brief period, 0.5 seconds, and
then we immediately follow up the pulse with multiple cyclic voltammetry scans to
continue the polymerization process.

Figure 24: Potential Waveform for Pulse Cyclic Voltammetry experiments
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Figure 25: Polymerization CV of Monomer 1 @ 100mV/s in DFB/TBAPF6

Figure 26: Polymerization CV of Monomer 1 @ 100mV/s in DFB/TBAPF6
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Figure 27: Polymerization CV of Monomer 1 @ 100mV/s in DFB/TBAPF6

Figure 28: Polymerization CV of Monomer 2 ( single wave) @100 mV/s in
DFB/TBAPF6
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Figure 29: Polymerization CV of Monomer 2 (dual wave) @ 100 mV/s in DFB/TBAPF6

Figure 30: 50 Scan Polymerization of Monomer 2 in DFB/TBAPF6
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Pulse Polymerization Discussion:
In this new set of experiments, our polymers display characteristics more related
to those of conducting polymers undergoing electrochemical polymerization, a dramatic
change in what we were observing with earlier cyclic voltammetry experiments. The
common trend with our tandem pulse-cyclic voltammetry experiments was that in the
oxidation side, we noticed incremental increases on the oxidation current near the
potential of where our compounds polymerize at. This increase of current indicates a
greater amount of polymer formation, and we hypothesize is that the polymer packing
also changed, giving rise to this behavior. Even though we believe to be forming
polymers on the electrode surface, the current is still quite low, and even with many
repeated scans, there seems to be a point at which the polymer can no longer form. This
limit on polymer thickness is not uncommon, and typically this is attributed to hindered
mass transport as a thicker and thicker polymer layer is introduced.32 Stated previously,
our goal with these experiments was to make the polymer packing of the polymer more
heterogeneous. The next section will deploy scanning electron microscopy to examine the
polymer morphology.
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Chapter 5
Morphology Study
5.1: Morphology Experimental
For easier imaging of the polymer on the electrode surface, we elected to use an
indium tin oxide electrode (ITO) for all our SEM images. The cell consists of a Ag/AgCl
quasi reference electrode, a Pt counter electrode, and clean ITO glass slides as the
working electrode. The cell itself was cleaned using a base bath over the weekend and
then thoroughly washed with water. The scanning electron microscope (SEM) is a Carl
Zeiss FE-SEM.
Counter
Electrode

Working
Electrode

Reference
Electrode

Figure 31: ITO electrode cell
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5.2: Morphology Results and Discussion

a

b

c

d

Figure 32: SEM Images of Polymerized compound 2 a) no potential pulse applied b) 0.5
second pulse @ 1.8V c) 5 second potential pulse @1.8V d) 25 second pulse @ 1.8V

The main objective of our morphology study was to look for connections between
the polymer formation when not adding the potential pulse and when introducing a pulse
before cyclic voltammetry. Additionally, it was important to look for differences in
morphology when varying the pulse duration. We observed that the morphology seems to
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remain the same regardless of the conditions used to polymerize monomer 2. While we
did observe differences in the voltammogram from the addition of a potential pulse, it did
not translate into different polymer packing. Unfortunately, SEM could not determine the
thickness of the polymer film. To determine this aspect of our polymer, Atomic Force
Microscopy (AFM) would be the optimal instrument to find variations in film thickness
when varying polymerization conditions. It would allow us to compare the increases in
current observed in cyclic voltammetry. Imaging the material was a difficult task due to a
few characteristics. First off, the film had small “ridges/wrinkles” throughout, and when
magnifying these features, there were no microstructures in the ridges. This made it
difficult to gather information about the nature of the polymer from a more microscopic
view, and the figures used are a macroscopic view of the materials. Additionally, all of
the materials imaged underwent charging rapidly, which aligns with cyclic voltammetry
in confirming these seem to be insulting materials in their current packing state. The
insulating behavior was still an interesting observation because the polymer was
immobilized on a conductive ITO glass slide, and additional carbon tape was used.
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Chapter 6
Conclusion and Future Work
6.1. Conclusion
In this project, we successfully synthesized four compounds to study as potential
candidates for organic conversion-style cathodes in lithium-ion batteries. From these
monomers, we were able to show the redox behavior of both the nitro functional groups
and the thiophene ring in non-aqueous environments. From these results, we continued to
explore electropolymerization of the monomers and observed behavior more indicative of
insulating material due to the observed decreases in current overtime in the oxidation
region of the voltammogram. With the inclusion of our pulse polymerization procedure,
we were able to demonstrate behavior more aligned to previously reported conducting
polymers. Where the polymerization increases with time when applying repeated cyclic
voltammetry scans. Although our polymers did not show ideal behavior to be
implemented into lithium-ion batteries as is, our variations in polymerization technique
could be a sign that with the right reaction conditions, a more suitable polymer could be
synthesized and deployed in the future.

6.2. Future Work
During this work, we were able to get a good understanding of our newly
synthesized polymer materials. However, future work includes tuning the polymerization
procedure in hopes of improving both the quantity of polymer deposited onto the
electrode surface and improving its electronic conductivity through changing the polymer
morphology. Other methods could be used to tune the electrochemical properties of the
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polymers, which include variables such as solvent composition and electrolyte/monomer
concentrations. Additionally, more work also needs to be done with the monomers in a
non-aqueous lithiated environment to observe how the molecules behave in conditions
more indicative of a lithium-ion battery. This would give us a much clearer picture of the
type of potential our materials have in next-generation batteries in terms of both stability
and capacity. Another interesting direction of the project would be to explore different
conducting polymers and varying the size of the nitroaromatic ring, i.e., naphthalene or
anthracene derivatives and looking for changes in electronic conductivity.
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SI 1: Optimized structures of computational species

SI 2: (1) Single Wave Reduction Varied Scan Rate
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SI 3: (1) Both Waves Reduction Varied Scan Rate

SI 4: (2) Single Wave Reduction Varied Scan Rate
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SI 5: (2) Both Waves Reduction Varied Scan Rate

SI 6: CV of ferrocene using polished glassy carbon electrode
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SI 7: CV of ferrocene solution using compound 4 polymer-modified electrode
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SI 8: Calculated values for HOMO-LUMO gap energies
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SI 9: SEM of 2 with no pulse

SI 10: SEM of 2 with 5 second pulse
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SI 11: SEM of 2 with 25 second pulse
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